Abstract
Introduction

41
Aging is associated with shifts in the composition of gut microbiota. An example of this is the 42 increase in the number of facultative anaerobes and a decline in the proportion of beneficial bacteria 43 associated with aging (1, 2) . This shift in the microbial composition leads to the accumulation of toxic 44 microbial metabolites in the body causing inflammation, oxidative stress and contributing to various 45 diseases prominent in the aging condition (3) . The reduction in the proportion of beneficial bacteria 46 may lead to constipation, mal-absorption and longer colonic transit time. Decreased absorption of 47 dietary protein in the upper intestine and longer colonic transit times encourage increased abundance 48 of proteolytic bacteria, whose fermentation products deteriorate intestinal barrier integrity (4) . 49 
50
Foods containing fermentable fibers are known to benefit dogs by increasing nutrient 51 absorption and reducing enteric infection (5) . In an in vitro study, Swanson et al. (6) confirmed the 52 fermentability of fruits and vegetables by canine fecal microflora with the resulting production of short 53 chain fatty acids. This study evaluates the effect of a test food containing components of citrus, carrot, 54 spinach and tomato on the microbial composition as well as metabolites associated with aging, kidney, 55 brain and gut health in senior dogs. A recent study by Hall et al (7) showed that the consumption of a 56 food with similar composition as the test food employed in the current study led to improvement of 57 markers of kidney health in geriatric dogs with early stage kidney disease. This study was designed to 58 evaluate changes in fecal microbial composition and age-related markers of health attributed to the 59 consumption of the test food by healthy senior dogs. 
Materials and methods
62
Dogs
63
All study protocols were reviewed and approved by the Institutional Animal Care and Use
64
Committee, Hill's Pet Nutrition, Inc., Topeka, KS, USA. Criteria for inclusion were healthy dogs 65 above the age of 7 years. Dogs having chronic disease conditions such as inflammatory bowel disease, 66 dermatitis, food allergy, cancer, tumor, kidney disease, liver disease and chronic urinary tract 67 infections were excluded from the study. A total of 36 dogs between the ages of 8 and 13 years were 68 grouped into a two groups of 18 each. Each group contained equal number of female and male dogs.
69
All dogs were spayed or neutered. A summary of the description of the dogs included in this study is 70 shown in Table 1 . Changes that were statistically significant (P<0.05) are marked grey. levels of these amino acids in the feces (Table 5) . Changes that were statistically significant are marked grey.
234
Changes in circulating uremic toxins
235
Uremic toxins are among the major toxic metabolites that lead to renal and associated diseases 236 in aging. Some uremic toxins originate from protein fermentation in the colon by proteolytic bacteria.
237
Products of the putrefaction process are absorbed and converted to toxic derivatives causing an 238 increased burden on kidney function. We detected a total of 14 phenolic and indolic uremic toxins in 239 plasma (Fig 2) concentrations of SDMA (P=0.035, SE=0.2) in the senior dogs compared to the control 2 food (Fig 3) . 
Correlations of microbial taxa with changes in metabolites 264
The genus Adlercreutzi and the family Christensenellaceae were strong positive predictors of 265 glycerol levels in feces ( Table 7) . Faecalibacterium prausnitzii, family Ruminococcaceae, genus
266
Phascolarctobacterium and phylum Actinobacteria also correlated positively with fecal levels of 267 glycerol. On the contrary, phylum Fusobacterium and genus Salmonella negatively correlated with 268 glycerol levels in feces ( Table 7) . The genera Oscillospira and Adlercreutzia also had a negative (Table 7) . have led to the increased abundance of these bacteria in the senior dogs.
287
The consumption of the test food led to an increase in the proportion of the butyrate producer were in a greater abundance in lean individuals compared to obese (24) . Christensenellacea have also 294 been reported to have the capability to produce short-chain fatty acids (SCF) (25) . SCF are known to 295 improve the intestinal barrier integrity, which is in line with the result of our correlation analysis
296
showing a negative association between fecal levels of mucin amino acids and the proportion of supports a previous report that showed the capacity of Fusobacterium species to degrade mucin (27) . 
314
Although not statistically significant, the relative proportions of the genera Ruminococcus and
315
Oscillospira increased by 43% and 73%, respectively, after the consumption of the test food. Both 316 genera belong to the family Ruminococcaceae, which increased significantly after the consumption of 317 the test food. These bacteria are known to produce short-chain fatty acids (SCF) that are beneficial to 318 the host mainly due to their anti-inflammatory effects (28, 29) . They also serve as an energy source for 319 enterocytes, regulate intestinal motility and ameliorating leaky gut syndrome (30) . Bacteria in the 320 genus Ruminococcus are fiber degraders and major producers of butyrate, which serves as an energy 
343
The consumption of the test food reduced levels of the advanced glycation end product, concentration. Despite the similar levels of C:16:1 and C:18:0 fatty acids measured in the foods (Table   381 2), the levels of these fatty acids in feces increased after the consumption of the test food. This 382 supports the possible increased microbial lipase activity attributed to the change in the microbial 383 composition.
384
Uremic toxins are among the major metabolites that cause age-related complications. There 385 was a marked improvement in markers of kidney health after the consumption of the test food. Furthermore, the test food reduced several phenolic uremic toxins originating from microbial 391 fermentation of protein (49) . One of these metabolites was 4-ethylphenyl sulfate (4-EPS), which is 392 also known to have a negative impact on brain health by causing anxiety-like symptoms (50, 51) . The 393 role of foods containing fruits and vegetables in improving kidney health has been reported (7, 52) .
394
The significant reduction in such metabolites in the senior dogs after the consumption of the test food 395 may be due to the changes in the microbial composition. The two indolic uremic toxins, 5-
396
hydroxyindole sulfate and 7-hydroxyindole sulfate, increased after the consumption of the test food.
397
Indolic uremic toxins originate from colonic fermentation of the amino acid tryptophan (53) . The test
398
food was formulated to contain 53% higher tryptophan compared to the control 2 food. The presence 399 of more substrate may have led to increased levels of the two indolic metabolites. However, the typical 400 indolic uremic toxin, 3-indoxyl sulfate, was not affected by the consumption of the different diets.
401
In conclusion, old dogs fed fiber sources from vegetables and fruits containing high soluble 402 fiber benefit by having a gut microbial composition promoting healthier metabolic profiles. 
